We report an experimental investigation of the magnetoelastic effects of ultrathin antiferromagnets, performed by comparing the characteristic behavior of the induced spin-reorientation transition (SRT) of Co films in two types of epitaxially grown bilayers: face-centered-cubic (fcc)-like Mn/Co (fcc-Mn: a = 3.75Å, c = 3.76Å) and face-centered-tetragonal (fct)-Mn (a = 3.61Å, c = 3.78Å). Magnetic hysteresis loops and magnetic domain images indicate that both fcc-Mn and fct-Mn films can produce a 110 to 100 SRT in adjacent Co films when the thickness of the Mn layer is greater than a temperature-dependent critical value. Detailed analysis of the critical thickness of Mn films and the evolution of the Co domain structure upon SRT indicate that the fct-Mn film had a higher antiferromagnetic ordering temperature and stronger lateral Mn-Mn exchange coupling compared with the fcc-Mn film. The enhanced long-range antiferromagnetic ordering emerging concurrently with the in-plane lattice variation of the fcc-like Mn film in Mn/Co bilayers clearly showed the magnetoelastic effect of ultrathin antiferromagnets.
I. INTRODUCTION
Antiferromagnets, a class of magnetic materials with compensated magnetization, are well known for their property of controlling the magnetic properties of adjacent ferromagnetic (FM) thin films through interfacial exchange coupling. In magnetologic devices such as the spin valve, the effects of exchange bias fields and coercivity enhancement are extensively used for "pinning" the magnetization of magnetic reference layers [1] [2] [3] [4] [5] . Recent studies have reported that antiferromagnetic (AFM) thin films can alter the magnetization direction of the adjacent FM layer, leading to a spin reorientation transition (SRT) that depends on the characteristics or symmetry of the interfacial moments [6] [7] [8] [9] [10] [11] [12] . Such a mechanism can even induce perpendicular magnetization [11] [12] [13] [14] , thus enhancing the functionality of AFM thin films.
It is known that the magnetic properties of a magnetic material could be sensitive to deformations in the crystalline structure or variations in the lattice parameter because of the modification of the orientation of spin-orbital coupling or the strength of exchange coupling (i.e., magnetoelastic effects). In an FM thin film, such effects are known to cause the so-called magnetoelastic anisotropy, which could alter the direction of the magnetic easy axis, depending on the orientation and degree of lattice strain [5, [15] [16] [17] . For AFM thin films, direct probing of antiferromagnetism is extremely challenging because of the lack of macroscopic magnetization. Although the antiferromagnetism of AFM films may be inferred from the magnetic response of FM films in AFM-FM bilayers [6] [7] [8] [9] [10] , the effects on FM films themselves and the possible * bywang1735@cc.ncue.edu.tw † mtlin@phys.ntu.edu.tw morphological (or interface) effects must be appropriately excluded when studying the magnetoelastic effects of AFM films. Our knowledge of magnetoelastic effects of AFM films is limited, probably because of the challenges involved in experimentally probing the correlation between variations in the crystallinity and antiferromagnetism. Although a previous study suggested that the exchange bias field in FM/AFM bilayers could be enhanced by reducing the vertical interlayer distance in the AFM thin film [18] , the magnetoelastic effects of an antiferromagnet with in-plane lattice variations, which is generally crucial when the epitaxial growth technique is used for crystal engineering of the magnetic properties of magnetic samples, are still unclear.
Among various antiferromagnets, face-centered-cubic (fcc)-like Mn thin films are considered to be highly attractive systems because they can be fabricated with current epitaxial growth techniques [19] [20] [21] [22] [23] [24] [25] [26] . Although theoretical studies have suggested that the behavior of bulk fcc-like Mn could be a function of the lattice parameters, on the basis of the rich magnetic phase diagram of bulk fcc-like Mn [27, 28] , for Mn thin films directly grown on FM films with stable in-plane magnetization (or vice versa), experiments involving spinpolarized scanning tunneling microscopy (SP-STM) and x-ray magnetic circular dichroism (XMCD)-based photoemission microscopy (PEEM) have supported in-plane layered AFM structures [10, 23, 24, 29] . The similar AFM structure of Mn films in fcc-like Mn/FM bilayers renders them relatively simple model systems that can be used for exploring the magnetoelastic effects of antiferromagnets. Because the phenomenon of antiferromagnetism-induced SRT in AFM/FM bilayers has been reported to be highly sensitive to variations in the magnetic anisotropy or spin ordering of the AFM ultrathin film [6] [7] [8] 10] , this phenomenon can be possibly used to determine the magnetoelastic effects of fcc-like Mn ultrathin antiferromagnets.
In this study, the magnetoelastic effects of fcc-like Mn films are investigated by comparing the characteristic behavior of the Mn-induced 110 to 100 SRT in Co films in two types of bilayers: epitaxially grown fcc-Mn/Co and face-centeredtetragonal (fct)-Mn/Co bilayers (fcc-Mn: a = 3.75Å, c = 3.76Å; fct-Mn: a = 3.61Å, c = 3.78Å). We show that there is an appreciable increase in the AFM ordering temperature and enhancement of the lateral Mn-Mn exchange coupling on fcc-like Mn films when the in-plane lattice constant is reduced. This finding provides experimental evidence of magnetoelastic effects of low-dimensional antiferromagnets, whose observation with conventional approaches continues to pose a challenge.
II. EXPERIMENT
Magnetic ultrathin films were prepared in an ultrahigh vacuum NTU-NSRRC nanomagnetism preparation chamber through thermal evaporation at a base pressure of 2 × 10
−10
Torr. Single crystals of Cu 3 Au(001)(a = 3.75Å) and Cu(001) (a = 3.61Å) with a 0.1
• miscut were used as the substrates, and they were prepared using procedures described in previous reports [10, 16, 17] . Depending on the objectives of different experiments, either uniform or wedge-shaped Mn/Co bilayers were deposited on the substrates at room temperature. The growth rates were monitored by using medium energy electron diffraction, and a layer-by-layer growth mode was observed for five-monolayer (ML) Co films grown on Cu 3 Au(001) and Cu(001), and Mn films grown on Co layers, as described in detail in the Supplemental Material [30] . The average in-plane and interlayer distances of the films were determined by using low-energy electron diffraction (LEED) with the kinematics approximation (LEED I/V ) [31] .
The magnetic domain images of Mn/Co bilayers were obtained in situ through PEEM [32, 33] by using the XMCD effects at beam line BL05B2 of the National Synchrotron Radiation Research Center (NSRRC) in Hsinchu, Taiwan. The angles of incident right circularly polarized (RCP) x rays with respect to the in-plane [010] crystallographic direction of Cu 3 Au(001) and Cu(001)were 5
• and 0 • , respectively [34] , and 25
• relative to the surface plane. As described in a previous study [5] , the magnetic information of individual elements can be obtained from the asymmetry of the XMCD curve at the L 3,2 absorption edges. The full-field view of the secondary electrons emitted from the magnetic sample was resolved by combining XMCD and PEEM and by using a multichannel plate, and the full-field view was recorded using a CCD camera. Contrast normalization was achieved by performing imaging calculations for the two full-field images taken at the Co L 3 and L 2 edges [10] . In the current study, magnetic imaging was performed in the as-grown condition at either 300 or 106 K. The XMCD curves were obtained in beam line BL11A1 of the NSRRC; they were derived from the L 3,2 -edge x-ray absorption spectra at ±2600 Oe with a fixed incident x-ray polarization of approximately 78% in the total electron yield (TEY) mode. The element-resolved magnetic hysteresis loops, acquired by recording the magnetic asymmetry at the L 3,2 absorption edges in the x-ray absorption spectra for different magnetic fields, were also measured in the TEY mode at 80 K. Since previous studies have reported that the uncompensated magnetic moments of the Mn film in Mn/Co/Cu(001) are present only when the Mn thickness (t Mn ) is less than 2 ML [26, 35] , in the current study, we focused on uncompensated Mn moments in Mn/Co/Cu 3 Au(001).
III. RESULTS
A. Crystalline structure of Mn/Co/Cu 3 Au(001) and Mn/Co/Cu(001)
In this section, we first present a brief introduction of the crystalline structure of Mn/Co bilayers grown on Cu 3 Au(001) and Cu(001). Figures 1(a)-1(d) (001) value (approximately 3.61Å). We observe a dim structure around the P (1 × 1) spots of the LEED pattern in 5 ML Co/Cu 3 Au(001). This implies the presence of a slight corrugation on the surface of the Co film [36, 37] , and this may be attributed to a relatively higher lattice mismatch between Co and Cu 3 Au(001) (−5.6%) [17] compared with Co and Cu(001) (−1.9%) [38] [39] [40] . magnetization; however, the remanent magnetization was lower when the hysteresis loops were measured along the [100] direction. This indicates that the magnetic easy axis for the fct-like Co films is [110] , which is consistent with the results obtained in previous studies [7, 8] . 
film [9, [41] [42] [43] . Moreover, the coercivity of the FM film could be significantly enhanced because of increase of domain-wall activated processes caused by the pinning effects from the AFM layer [1, 5] . Thus, the observation of enhanced coercivity in both 4.5 ML Mn/Co bilayers implies that Mn-Co exchange coupling and long-range AFM ordering of Mn films were present in both systems. Remarkably, H c of the fct-Mn/Co bilayer was considerably higher than that of the fcc-Mn/Co film. To determine the origin of different coercivity enhancements between the two cases, the effects of interface roughness must be considered first; this is because interface roughness could lead to decreased coercivity in a Mn/Co bilayer [44, 45] . In an extreme case, a change in the Mn-Co interface from a perfectly smooth interface (Mn grown on a Co film with an integer number of layers) to a rough interface (Mn film grown on a Co film with a half-integer number of layers) could result in a coercivity decrease of approximately 50% [44, 45] . In the present study, a small corrugation may occur on the surface of the 5 ML Co/Cu 3 Au(001) because of a relatively high lattice mismatch between Co and Cu 3 Au(001) (−5.6%). This could result in a slightly rougher interface in Mn/Co/Cu 3 Au(001) compared with the interface of Mn/Co/Cu(001). However, as illustrated in Fig. 3(c) , the coercivity of 4.5 ML Mn/5 ML Co/Cu 3 Au(001) is approximately 10% ∼ 30% of that of 4.5 ML Mn/5 ML Co/Cu(001). Such a large variation in the coercivity cannot be simply explained by the presence of slight interface roughness in 4.5 ML Mn/5 ML Co/Cu 3 Au(001). The different strengths of magnetic coupling between the two Mn films, which result in different magnitudes of Mn-Co exchange coupling in the fct-Mn/Co and fcc-Mn/Co bilayers, should play a crucial role. [10] , and it is in sharp contrast to the absence of uncompensated magnetic moments in Mn/Co/Cu(001) with t Mn > 2 ML [26, 35] . This finding therefore provides a crucial clue to the different AFM characteristics between fcc-Mn and fct-Mn films in Mn/Co bilayers, caused by magnetoelastic effects, and is discussed in the Discussion section.
C. Direct observation of SRT via magnetic domain imaging
Detailed information about the magnetic anisotropy of the Co films in fcc-like Mn/Co bilayers can be obtained by performing XMCD-PEEM measurements through direct magnetic domain imaging [32, 33] . Because the magnetic anisotropy of Co films could be highly sensitive to a variation in the thickness of the Mn layer, an investigation was conducted on wedge-shaped Mn/Co bilayers (Fig. 4, top illustrations) . (d) , the magnetic direction of the individual 100 magnetic domain is not indicated by arrows because of a frustrated structure. In both systems, the magnetization orientation is changed from 110 to 100 when t Mn is greater than the thickness thresholds (indicated by t CL or t CR ).
as a function of t Mn at different temperatures can be obtained. In the XMCD theory, the magnetic asymmetry is proportional to the inner product of the photohelicity vector σ and the magnetic moment density M, according to I A = σ · M = σ M cos θ [5, 10] . In the present work, the magnetic asymmetry is normalized by σ and M with assumption of constant values. Therefore, the value of derived normalized magnetic asymmetry (I A ) can be applied to obtain the magnetization direction of the Co films as a function of t Mn For the wedge-shaped fcc-Mn/Co bilayer at 300 K [ Fig. 4(a) ], two characteristic Co magnetization directions (i.e., [110] and [110] ) were clearly present as t Mn at a low coverage. When t Mn is greater than a threshold value of approximately 5.4 ML (indicated by t CR ), the magnetization direction of the magnetic domain changes from 110 to 100 , reflecting an SRT of the Co film in the fcc-Mn/Co bilayer. Furthermore, the wedge-shaped fct-Mn/Co bilayer demonstrates a similar SRT behavior [ Fig. 4(b) ], but with a lower Mn-film threshold (approximately 4.6 ML) and a considerably reduced Co domain size. Such a result can further be confirmed from a histogram analysis of the I A level at the regions of the t Mn below and above the t CR , as displayed in Figs. 5(c) and 5(d). As the t Mn is below the t CR , it is clear that the I A of both systems is distributed approximately at ±0.7, corresponding to the 110 magnetization [46] . The distribution of the I A is much broader and extends to 0 and ±1 as the t Mn is above the t CR , probably because of the presence of 100 -oriented magnetic domains. These results clearly indicate the general features of induced 100 magnetic anisotropy on Co films covered with fcc-like Mn films, which are consistent with our hysteresis loop measurements (Fig. 3) .
As shown in Fig. 4 , the SRT in Co films is triggered when t Mn is higher than a threshold value (t CR or t CL ). Moreover, we observed that the threshold value decreased from t CR to t CL when the temperature changed from 300 K to 106 K, respectively. Such a forward threshold shift with a decrease in the temperature is attributed to the presence of long-range AFM ordering in the Mn layer in the t CR to t CL region at 106 K, which could be a paramagnetic state at 300 K [10, 47] . It is noted that the onset t Mn of AFM ordering of the presented fctMn/Co/Cu(001) film at 300 K is higher than that observed in previous studies (approximately 2 ML) [19, 26] . The reason for this difference could be attributed to a slightly different surface morphology or crystalline structure of the Mn film, caused by the different preparation temperatures or different miscut angles of the Cu(001) substrate. Thus, our results provide crucial evidence that the 110 to 100 SRT in the Co film in fcc-like Mn/Co bilayers is induced by the antiferromagnetism of fcc-like Mn layers, modulated by finite-size effects [47] . With this relationship, the degree of long-range AFM ordering for a specific thickness of the fcc-like Mn film in Mn/Co bilayers can be probed by measuring the critical temperature that induces SRT. In Figs. 4 and 5, because t CR and t CL are the thickness thresholds for the presence of AFM ordering in the Mn layer at 300 K and 106 K, respectively, the magnetic ordering temperature (T ordering ) of fcc-like Mn films with thicknesses t CR and t CL can be inversely estimated. As summarized in Fig. 5(e) , the fct-Mn film shows a higher T ordering compared with the fcc-Mn film in the displayed t Mn range. This finding is highly consistent with the results of our hysteresis-loop measurements (Fig. 3) , which indicates that the fct-Mn film can show a higher degree of H c enhancement and Mn-Co exchange coupling than the fcc-Mn film in fcc-like Mn/Co bilayers.
IV. DISCUSSION

A. Long-range AFM ordering probed by magnetic domain imaging
The long-range AFM ordering of two types of fcc-like Mn films can be further probed by examining the domain-structure variation in adjacent Co films as the Mn-induced 110 to 100 SRT occurs. In the ideal case of an AFM/FM coupled bilayer with a perfectly flat interface and a layered AFM spin structure, the magnetization of the FM film is coupled to be collinear with the alternatively aligned layered spins of the AFM layer at the interface. The domain structure of the FM film in this type of AFM/FM bilayer is mainly determined by minimizing the stray field energy of the FM film, and the FM film size could reach tens or hundreds of micrometers, similar to an individual FM film [5] . However, in practical AFM/FM systems, the roughness of the interface inherent from the terrace or grain boundary of the substrate could lead to a perturbation in the long-range magnetic ordering of the AFM/FM bilayer. Induced magnetic frustration could appear in either the AFM or the FM layer, depending on the relative Co-Co exchange coupling. A single atomic step is used in both models for simulating the presence of interface roughness inherent in the grain boundary or substrate terrace. In (b), the magnetic direction of the uncompensated Mn moments on different Co steps could be oppositely directed and could compensate each other, because of strong lateral Mn-Mn exchange coupling. strength of the lateral exchange coupling for the two layers [5, 7, 8, 24] .
For a case in which the lateral exchange coupling of the AFM layer is considerably weaker than that of the FM layer [ Fig. 6(a) ], the magnetic frustration induced by the substrate terrace could occur in the AFM layer. The shape and size of the FM domain in such an AFM/FM bilayer could be less perturbed and similar to the case of the individual FM film. Furthermore, if the lateral exchange coupling of the AFM layer is considerably stronger than that of the FM layer [ Fig. 6(b) ], the presence of robust long-range spin ordering in the AFM film could lead to the formation of a twin-phase spin arrangement of the Mn film at the AFM-FM interface. This could substantially reduce the domain size of the adjacent FM layer because of the established collinear coupling and biquadratic coupling. Because the experimental results obtained in previous studies have indicated a layered-AFM structure of Mn films in fcc-like Mn/FM bilayers [10, 29] , in the current study, the strength of the long-range lateral exchange coupling between fcc-Mn and fct-Mn films can be distinguished by monitoring the features of the AFM-induced domain evolution.
In the case of the wedge-shaped fcc-Mn/Co bilayer [Figs. 4(a) and 4(c)], the size and general shape of the induced 100 magnetic domains are nearly identical to the preceding 110 domains, with a typical domain size larger than 50 μm. This indicates that the lateral Mn-Mn exchange coupling is relatively weaker than the lateral Co-Co exchange coupling. By contrast, for the case of a wedge-shaped fct-Mn/Co bilayer [Figs. 4(b) and 4(d)], the size of the induced 100 magnetic domains was considerably smaller than that of the preceding 110 , suggesting that the strength of the lateral exchange coupling in the Mn layer could be considerably stronger than that in the Co film.
To further compare the magnitude of Mn-Mn exchange coupling between fcc-Mn/Co and fct-Mn/Co films, the Co-Co exchange coupling and the Mn-Co exchange coupling between two systems need to be characterized first. According to theoretical calculation on tetragonal Co [48] , the Co magnetic moments evolve slowly upon variations of the c/a ratio and crystalline volume in the fct regime. This suggests that a slight crystalline distortion in fct-Co film cannot result in a significant modulation on magnetic moment of Co as well as the Co-Co exchange coupling. In the present case, since the variation of crystalline volume of fct-Co film grown on Cu 3 Au(001) and Cu(001) films is only 2.8%, we can assume that the Co-Co exchange coupling remains constant between two systems. On the other hand, the strength of Mn-Co exchange coupling could be associated with two factors: (1) Mn-Co interface condition, and (2) Mn-Mn exchange coupling from the entire Mn film according to the finite-size effects [47] . Since the former factor has been concluded to be nonsignificant in the present work, we can assume that its effect on Co-Mn exchange coupling stays unchanged between two systems. The strength of Mn-Co exchange coupling is therefore dominated by the latter factor.
Thus, by considering the deviation of the domain size of Co in the Mn/Co bilayer and by assuming that the difference in exchange coupling between two types of Co films is negligible, we can deduce that the lateral exchange coupling in the fctMn film was considerably stronger than that in the fcc-Mn film. This finding also indicates the cause of the higher AFM ordering temperature in the fct-Mn film compared with the fcc-Mn film in the Mn/Co bilayer [ Fig. 5(c) ].
B. Correlation of AFM structure and uncompensated Mn moments in fcc-like Mn/Co bilayers
As mentioned in the previous section, the results obtained in the current study support an in-plane layered AFM structure for the fcc-like Mn thin films grown on in-plane magnetic FM films (or vice versa) [10, 23, 24, 29] . In the case of the fcc-Mn thin film, a previous XMCD-PEEM study on in-plane magnetic Fe/fcc-Mn/Cu 3 Au(001) reported the presence of uncompensated magnetic moments in the Mn layer [10] ; this study also observed the presence of an uncompensatedcompensated transition of the Mn magnetic interface along with the continuous variation of t Mn . This provides evidence of a layered AFM structure for the Mn film in the Fe/fcc-Mn bilayer. In the current study involving fcc-Mn/Co/Cu 3 Au(001), uncompensated Mn moments coupled in parallel to the Co magnetization were observed [ Figs. 3(d) and 3(e) ]. This result is consistent with the finding for the Fe/fcc-Mn bilayer, thus supporting a layered AFM structure for the fcc-Mn film grown on Co/Cu 3 Au(001). For the case of Mn/Co/Cu(001), previous reports have suggested that the uncompensated magnetic moments of the Mn film cannot be observed when t Mn is greater than 2 ML [26, 35] . Although there is no XMCD signal observed for a thicker fct-Mn/Co/Cu(001), the results of a microscopic investigation using SP-STM indicated a clearly layered spin contrast for 3.5 ML Mn/Co/Cu(001) at 77 K [29] . This finding provides direct evidence of the fct-Mn film grown on Co/Cu(001) having a layered AFM structure.
According to the preceding discussion, there is a discrepancy between the XMCD and SP-STM results with regard to the fct-Mn/Co/Cu(001) measurements because the Mn film with a layered AFM structure must show uncompensated magnetic moments, which can be detected by the XMCD. In fact, past study of using SP-STM has observed spin frustration across the same Mn layer induced by a hidden Co step [29] . This could cause the cancellation of uncompensated moments of the Mn film grown on different Co steps [ Fig. 6(b) ; schematic diagram], thus explaining the absence of the XMCD signal for the thicker fct-Mn/Co/Cu(001). The preceding discussion raises another crucial question: why does the XMCD signal vanish in fct-Mn/Co/Cu(001) but continue to be present in fcc-Mn/Co/Cu 3 Au(001) [ Fig. 3(e) ]? This phenomenon can be explained by the main finding of the current study: the lateral exchange coupling of the fcc-Mn film is considerably weaker than that of the fct-Mn film. For the Mn film with a weaker lateral exchange coupling [ Fig. 6(a) ], the ordering of the layered AFM structure could mainly follow the magnetization direction of the Co step underneath; however, it is less influenced by the Mn films grown on another Co step. Because the uncompensated Mn moments on different Co steps no longer cancel each other, these moments were observed by XMCD.
C. Magnetoelastic effects on fcc-like Mn ultrathin films
As previously highlighted, magnetoelastic effects of a magnetic material can generally cause the strength of longrange magnetic ordering to change, or the magnetoelastic anisotropy to vary. The change in the strength of longrange magnetic ordering is determined by the magnitude of exchange integral sensitive to the distance among the magnetic atoms with localized spins, whereas the variation in the magnetoelastic anisotropy can be correlated with the symmetry of the crystalline structure and the degree of lattice strain [5] . To determine the magnetoelastic effects of the AFM film in AFM/FM bilayers, the effects of FM films themselves and the possible morphological (or interface) effects must be appropriately excluded. Moreover, the possibility of forming different AFM configurations in the Mn films must be considered. In the current study, we provided experimental evidence supporting a layered AFM configuration for Mn films in both fcc-Mn/Co and fct-Mn/Co bilayers [10, 29] . We also concluded that the interface and magnetoelastic effects of Co films cannot explain the large reduction in the coercivity of Mn/Co/Cu 3 Au(001) compared with Mn/Co/Cu(001) [44, 45] . Thus, the observed substantial increase in the AFM ordering temperature and the enhanced strength of the lateral Mn-Mn exchange coupling for the fct-Mn film compared with the fcc-Mn film in the Mn/Co bilayers can be attributed to a considerably reduced in-plane atomic distance in the fct-Mn film because of magnetoelastic effects. Previous theoretical studies have proposed that the formation and strength of local magnetic moments in the fcc-like Mn are highly sensitive to the exchange-parameter value and lattice constant [50, 51] . The current study confirmed the results of these studies and provided experimental evidence of the magnetoelastic effects of ultrathin antiferromagnets in more realistic systems. Moreover, from our experimental results, the strong lateral Mn-Mn exchange coupling in the fct-Mn film can explain the long-standing discrepancy between the XMCD [26, 35] and SP-STM [29] results regarding the measurement of the AFM state of the Mn film in fct-Mn/Co/Cu(001). Although the current study showed the magnetoelastic effects of ultrathin antiferromagnets only for in-plane magnetic Mn/Co bilayers, future studies should investigate the magnetoelastic effects of Mn/FM bilayers with perpendicular magnetic coupling to understand their influence on perpendicular magnetic anisotropy, which is crucial for developing magnetic devices.
V. CONCLUSION
The present study systemically investigated the magnetoelastic effects of fcc-like Mn ultrathin antiferromagnets by probing an induced 110 to 100 SRT in the Co film in Mn/Co bilayers. A substantially increased AFM ordering temperature and enhanced lateral Mn-Mn exchange coupling were observed when the AFM fcc-like Mn ultrathin films were subjected to in-plane lattice contraction. The results obtained improve our understanding of fundamental antiferromagnetism, which is difficult to probe directly through conventional approaches. The results are also expected to be helpful for the development of next-generation magnetic devices that involve the application of crystal engineering to ultrathin antiferromagnets.
